Permeant concentrations in silicalite-filled silicone rubber membranes during pervaporation of propanol/water mixtures were measured using multi-layered membranes. Experimentally determined concentration profiles show that the propanol concentration in the silicalite-filled membrane increases with increasing silicalite content. The water concentration in the membrane is low and no water is present in the silicalite particles during pervaporation.
The transport properties of membranes for the separation of alcohol/water mixtures can be improved by the addition of zeolites to the polymer matrix [ l-3,5] . In the case of pervaporation of ethanol/water mixtures both the selectivity and permeability of silicone rubber membranes were enhanced by the incorporation of silicalite-1 [ 11. Silicone rubber itself shows selectivity towards alcohol and if the selectivity of the added zeolite favours also alcohol adsorption, the overall selectivity of the membrane is increased. Silicalite is such an alcohol-selective zeolite: when in contact with a mixture of alcohol and water, silicalite selectively adsorbs the alcohol.
In a series of papers covering the subject of zeolite-filled elastomeric membranes [ l-8 1, *Corresponding author.
various aspects of these composite membranes have been investigated by varying membrane composition with respect to the type of zeolite and zeolite content, type of polymer and by monitoring the effect of several process parameters on flux and selectivity. The transport through these zeolite-filled membranes can be described by a resistance model which relates component fluxes to the permeabilities of both the rubber and zeolite phase [ 3 1. The basic assumption concerning the influence of the zeolite on the membrane properties and on the permeant concentration in the membrane as postulated previously [ 1 ] is that due to the presence of the zeolite the relatively high permeant concentration in the membrane at the feed side is maintained over a large part of the membrane thickness. This assumption was partly verified by varying the alcohol concentration in the feed [ 81. A direct way of evaluating the influ- ence of the zeolite on the permeant concentration in the membrane is by actual measurements of the permeant concentration profiles in the membrane during pervaporation and the results of this kind of experiments are presented in this paper.
One way to measure the permeant concentration is by determining the concentration in each of the layers of a multi-layer pervaporation membrane immediately after interruption of the pervaporation experiment. This technique has been adopted previously by several authors [ 9-131 and is also used here. Fig. 1 gives a schematic representation of such a stacked membrane and the relation between the permeant concentration in the layers and the concentration profile.
The multi-layer technique is experimentally quite complicated. Several conditions have to be met and these conditions limit its use. Firstly, the layers have to be separated from each other in a short period of time to avoid that, after pervaporation has stopped, diffusion removes the concentration differences in the membrane. Many authors [ 1 I-13 ] needed only a period of 1.5 to 3 min as the absolute maximum for the interval between interruption of the pervaporation experiment and the moment the layers are separated and stored in a weighing tube. In the case of silicalite-filled silicone rubber membranes, this condition can be met only for mem-branes with a silicalite content of 10% and above. It was not possible to separate the layers of silicone rubber membranes with less silicalite within an acceptable period of time due to the strong adhesion between the layers.
The second condition to be met is that the amount of liquid in the layer should be large enough to determine its composition. With gas chromatography as the technique this could only be accomplished for the propanol/water and butanol/water feed mixtures, using layers of a thickness of at least 100 pm and by taking membranes with a silicalite content of 20% and higher. To avoid problems of demixing which could occur in the butanol/water mixture it was decided to use a propanol/water feed mixture.
Theory

Resistance model
Transport through pervaporation membranes composed of a mixture of silicone rubber and silicalite can be described by a resistance model [ 2 1. The basic equation is:
in which Ji is the flux, Api is the partial pressure difference across the membrane (driving force for transport) and P, is the permeability of the where Pr,i is the permeability of the rubber phase, P, i is the permeability of the zeolite particles and &'is the zeolite content of the membrane (volume fraction). For & = 0, Pi equals Pr,i. Depending on the ratio Pz,i/Pr,i the flux of component i is either increased (Pz,i/Pr,i> 1) or decreased (Pz,i/Pr,i< 1) if zeolite is added to the membrane. Rubber permeability was shown to be a function of the zeolite content of the membrane [ 21.
With increasing zeolite content, Pr,i decreases because of the introduction of (extra) crosslinks. This effect is noted especially at low silicalite content. Silicalite permeability towards alcohol is a function of the type of alcohol [ 1 ] and it decreases with the length of the alcohol molecule (thus decreases with increasing interaction) . Silicalite permeability for water is a function of the type of alcohol in the feed mixture and of the silicalite content of the membrane and depends on the alcohol-silicalite interaction: strong interaction with the alcohol in the case of propanol and butanol means no transport of water through the silicalite particles. Weaker interaction -which is the case for ethanol or methanol -allows water transport along with the alcohol to occur through the silicalite pores during pervaporation.
Concentration profiles
Another way of obtaining information concerning the influence of zeolite addition on membrane performance in addition to the monitoring of flux and selectivity as a function of the zeolite content of the membrane or as a function of process parameters like the feed concentration, is by measuring the concentration of permeants inside the membrane as a function of the position in the membrane. The concentration profiles obtained in this way show how the local permeant concentration is affected by the addition of zeolite. In this way information is obtained whether sorption or diffusion is rate determining. Secondly, the profiles show whether all or only part of the zeolite sorption capacity is occupied by the permeants.
For the steady-state flux through a silicalitefilled silicone rubber membrane it is assumed that Fick's laws are obeyed. Thus:
In the sorption-diffusion model the diffusion coefficient D is usually taken to be a function of the permeant concentration C in the membrane which is directly related to the partial pressure of the feed components [ 111:
In Eq. (4) the factor y is considered to be a measure for the plasticizing effect of the permeant on the (polymer) membrane, indicating that the diffusion rate through the membrane increases with increasing permeant concentration in the membrane. The combination of Eqs. (3b) and (4) results in an expression for Ci as a function of the position in the membrane.
For the silicalite-filled silicone rubber membrane the diffusion coefficient is a combination of the diffusion coefficients for both the rubber phase and the silicalite particles and thus a function of the silicalite content of the membrane. This results in a more complicated relation for the diffusion coefficient than given in Eq. (4). An expression for Ci as a function of the position in the silicalite/silicone rubber membrane is not available at the moment.
Equilibrium sorption
In analogy with the work by Paul and Kemp [ 141 on zeolites in silicone rubber, equilibrium sorption in silicalite-filled silicone rubber membranes will be evaluated using the dual mode sorption theory. This model states that the total sorption capacity of the silicalite-filled mem-brane is the sum of a Henry-type sorption contribution due to the rubber phase and a second part representing the so-called 'immobilized' sorption which is attributed to the porous silicalite particles. For zeolites in general (see Paul and Kemp [ 141) and silicalite in particular (see, e.g., Milestone and Bibby [ 151 or Klein and Abraham [ 16 ] ) , a Langmuir type of adsorption is assumed. The adsorption can thus be described by Eq. (5 ) in which the first part is the Henry contribution and the second part is the Langmuir sorption.
plating ion from the pores. Silicalite/silicone rubber sheets were prepared according to a procedure described previously [ 11. Sheet thickness and silicalite content ranged from 100 to 200 pm and from 20 to 60% (w/w), respectively.
where Ci is the concentration in the membrane in mass of component i per unit of mass of dry membrane and ci is the concentration in the contacting liquid; k is the Henry constant. In the Langmuir part CZ is the maximum amount of liquid which can be adsorbed in the zeolite particles in mass per unit of mass of silicalite and b is an adjustable parameter (a large value for b indicates that already at a low external concentration ci the Langmuir sorption is at its maximum CL).
Multi-layer membranes were prepared from these sheets by the following procedure: sheets of silicalite/silicone rubber were immersed in ethanol for 10 min for better handling. Each sheet was cut to the right size and a number of sheets (3 to 6) were stacked and pressed together to obtain the membrane. The layered membrane was dried under vacuum for 3 days at 80-100 o C. The total membrane thickness ranged from 200 to 900 pm.
The samples for the equilibrium sorption experiments were prepared identical to the sheets mentioned above but the silicalite content was varied from 0 to 65% (w/w).
Pervaporation
For a silicalite-filled silicone rubber membrane the values of the constants k and b may vary with the silicalite content. The extra crosslinks that give a decrease in rubber permeability may also cause the rubber sorption to be lowered. Thus, if Eq. (5) is fitted on equilibrium sorption data for the silicalite-filled silicone rubber with k and b as variables, the obtained values may be lower than the values found for the pure components rubber and zeolite, respectively.
The multi-layer membranes were tested on the pervaporation unit given in Fig. 2 . The cell geometry ( Fig. 3 ) differs from the normally used pervaporation cell (see te Hennepe et al. [ 1 ] ) in that the cell is open at the feed side. This was done to shorten the time needed for the transport of the layers of the membrane to the weighing tubes when the pervaporation experiment was stopped. The pervaporation cell was connected to the pervaporation unity by means of a rubber tube.
Experimental
I. Membrane preparation
The feed mixture containing propanol (PA grade) and water (ultrafiltration demiwater ), feed concentration 6% (w/w), was kept at a constant temperature at 25°C with a temperaturecontrolled electrical heater. The pressure at the permeate side was kept below 200 Pa. Liquid nitrogen was used as a cooling agent for the cold traps. Silicone rubber [ poly ( dimethylsiloxane ) / The experimental procedure was as follows. PDMS] membranes were prepared from RTV
The cell was placed in a glass jar containing 5 1 615 A and RTV 615 B from General Electric.
of the feed mixture and pervaporation was Both compounds were used without further pu-started. Pervaporation continued until steady rification. Silicalite was obtained from Union state was reached which for the thick mem-Carbide. Silicalite as calcined in air (at 600" C branes was usually after 24 h. During daytime, for N 6 h) to remove traces of the organic tem-flux and selectivity could be measured each hour if needed. By switching between the two cold traps this was possible without interrupting the pervaporation process. The composition of the liquid was analysed with a gas chromatograph. Flux and selectivity were calculated from:
~=(xalc/XH20)permeate/(Xalc/XH20)feed (-) t7)
where w is the weight of the collected permeate, dt the permeation time, A the membrane area, d the membrane thickness and x the weight fraction. All fluxes are recalculated to a membrane thickness of 100 pm. Component fluxes are calculated from Jd times the weight fraction of this component in the permeate. After steady state was reached the cell valve (No. 7 in Fig. 3) was closed and the cell was opened. The membrane was taken from the cell and wiped dry with a tissue. Subsequently the layers were separated and put into weighing tubes. The time interval between ending pervaporation and filling and closing of the first weighing tube with the permeate side layer of the membrane was N 50 s while the last tube was closed after -90 s. The total amount of permeant in the membrane and its composition were determined in a desorption process (see below ) .
Equilibrium sorption
From the silicalite/silicone rubber sheets, parts were cut with a weight of 1.5-2 g. These were immersed in a propanol (PA grade ) /water (ultrafiltration demiwater ) mixture and equilibrated at room temperature for at least 7 days. Then the composition of the contacting liquid was mea-sured. The silicate/silicone rubber sheets were taken from the liquid, wiped dry with a tissue and put in a weighing tube. The total amount of permeant in the sheet and its composition were determined in a desorption process.
Desorption
The liquid was removed from the membranes or sheets and collected with the help of the desorption apparatus depicted in Fig. 4 . The experimental procedure was as follows. With valves I and 2 closed the cold trap was connected to the apparatus and evacuated. Then the trap was filled with liquid nitrogen. Subsequently the weighing tube containing the silicalite/silicone rubber sheet or membrane (of known weight) was connected to the apparatus and valve 2 was opened. A hot water bath was applied to the weighing tube to speed up the desorption process. After 2.5 h, the process was stopped by opening valve 1 (to dry N2). Weighing tube and cold trap were quickly removed and sealed and the weighing tube was weighed again to determine the total amount of liquid removed ( =amount of liquid in the sheet or membrane) and the dry weight of the sheet or membrane. All per-meant concentrations in the membrane are given in weight percentage with respect to this latter dry weight. The liquid collected in the cold trap (between 0.03 Fig. 4 . Desorption unit for the removal of liquid from membranes or sheets; the membrane is contained in the weighing tube (4). and 0.2 g, typically 0.07 g) was analysed with a gas chromatograph.
Results and discussion
Equilibrium sorption
The results of the sorption experiments are summarized in the Figs. 5 to 8. Fig. 5 shows the propanol and water sorption results as a function of the composition of the contacting liquid for pure silicone rubber. In this case a linear relationship between the amount of alcohol sorbed and the alcohol concentration in the contacting liquid is obtained. This corresponds to the Henry sorption behaviour expected from Eq. ( 5 ). Fig.  5 also shows that the presence of propanol has a small but significant synergetic effect on water sorption. Fig. 6 shows the propanol sorption as a function of the composition of the contacting liquid for silicalite-filled silicone rubber sheets with different silicalite content. The amount of propanoi in the sheet increases with increasing silicalite content. The sorption isotherms reflect the dual mode sorption as given in Eq. (5 ): there is a direct relation with the silicalite sorption capacity (Langmuir type of adsorption) which results in a stepwise increase in the amount of pro-pan01 sorbed already at a low propanol concentration in the contacting liquid. At higher propanol concentrations (above 2%) the sorption isotherms show a small linear increase due to the Henry-type sorption behaviour of the rubber part of the sheet. In Fig. 7 the corresponding water sorption results are given. Water sorption values are low compared to the propanol sorption and there is only a small increase in water sorption as the silicalite content of the membrane is increased.
From the data given in the Figs. 5,6 and 7, the water and propanol sorption for the silicalite Silicalite sorption for either water or propanol at a given feed concentration is obtained by subtracting the rubber fraction of the sheet times the rubber sorption value from the total amount of water or propanol sorbed. This calculation was performed for all silicalite contents and for all propanol concentrations. The results are plotted in Fig. 8 in which the error bars give the spreading in the sorption results due to the use of sheets with different silicalite content, The line through the values for the propanol sorption is calculated from the Langmuir isotherm for CL = 11% (w/ w) and b=35.
The value for b found here is smaller than the corresponding value for pure silicalite as may be concluded from the sorption data from for instance Milestone and Bibby [ 15 1. They found that the maximum sorption (CL ) for propanol is reached already at 0.2% propanol in the contacting liquid while here the sorption reaches its maximum at a concentration of N 1% as can be seen from the fitted (Langmuir) sorption iso-oc . , . , . , . , . ,I therm. This decrease in the b value is probably due to the favourable interaction between the rubber part of the membrane and the propanol molecule (compared to the aqueous environment in the case of Milestone and Bibby). However, the equilibrium sorption values agree well with the data given by Bartels-Caspers et al. for the same system [ 18 1.
Note that if the rubber sorption capacity would be decreased upon addition of silicahte as is the case for the rubber permeability, the actual amount of water or propanol inside the silicalite pores will be even higher than the values presented in Fig. 8 . Fig. 8 shows that in spite of the well-known hydrophobic nature of silicalite, water is present inside the silicalite pores in the case of equilibrium sorption by a silicalite-filled silicone rubber sheet. The amount of water decreases somewhat with increasing propanol concentration in the contacting liquid but it is at least around 2.5% (w/w). This observation compares well with the work by Hill and Seddon [ 171 who found a substantial water sorption for the silicalite analogue H-ZSM-5 [up to 11% (w/w) ] and a water uptake for silicalite itself of N l-2% (w/w). The total amount of liquid sorbed into the silicalite pores is 13-14% (w/w), which is below the maximum sorption capacity for silicalite [ -18% (w/w) I.
Pervapomtion and concentration profiles
The results for the pervaporation of propanol/ water mixtures presented earlier [ 8 ] showed a small decrease in the propanol flux with increasing silicalite content of the membrane (Fig. 9) . Water flux could be treated as if the silicalite particles were impermeable to water and the water flux decreases due to the tortuosity of the real diffusion path through the membrane. The pervaporation results for the multi-layer membranes presented in Fig. 10 deviate from this observation in that the propanol flux slightly increases with increasing silicalite content. The water flux data can still be treated as if silicalite is impermeable to water. For propanol this deviation from the previously reported results may arise from the particular nature of the membrane used here (membrane thickness is a factor 5 to 10 higher; layered membrane) and from the fact that the experiments were performed with a different batch of silicalite. The differences, however, are small enough to accept the perva- poration results and hence the concentration profiles presented here as representative for pervaporation with silicalite-filled silicone rubber membranes. Fig. 11 shows the measured concentration profiles as a function of the relative distance in the membrane xr ( =x/d) for membranes with different silicalite content. The experimental results show that the high propanol concentration at the feed side in the membrane is indeed maintained over most of the membrane thickness and that this behaviour is independent of the silicalite content. The average propanol concentration in the membrane increases almost linearly with the silicalite content, which indicates that most of the propanol in the membrane is situated inside the silicalite particles. From Fig. 12 where the water concentration profile in the membrane during pervaporation is given for membranes with different silicalite content, it is clear that water concentration is low and, within experimental error, does not vary with silicalite content nor with x,. This indicates that the water content of the silicalite particles is negligible. Fig. 13 gives two sets of data, both for pro-pan01 and for water. The concentration for pro-pan01 is given at the feed side during pervapora- that diffusion through the membrane is slow compared to sorption from the feed and (b ) that during pervaporation most of the silicalite pore space available for propanol sorption is indeed occupied by the propanol molecules. In Fig. 13 also the water sorption data for equilibrium sorption taken from Fig. 7 are given together with the average water concentrations in the membrane during pervaporation from Fig.  12 . The water concentration in the membrane during pervaporation is significantly below the equilibrium sorption capacity and it is about the same as for pure rubber sorption. This does not mean that water sorption is slow compared to water transport or in other words that water sorption is rate determining for the water component flux. It shows that during pervaporation the silicalite pores are impenetrable to water and hence supports the observation that silicalite particles obstruct water transport due to the introduced tortuosity.
In the sorption-diffusion model relation [ Eq. (4) ] it is assumed that the diffusion coefficient Di increases with the increasing permeant concentration in the membrane. For the silicalitefilled silicone rubber membrane a large increase in propanol concentration in the membrane is observed if the silicalite content of the membrane is increased. Despite the increasing propanol concentration, however, the flux through the membrane does hardly change with the silicalite content. This indicates that the mobility of the adsorbed propanol in the silicalite is quite low.
For the zeolite-filled membrane the diffusion coefficient cannot be related directly to the permeant concentration in the membrane and a more complicated relation for D has to be found that takes into account the diffusion through the rubber phase, the diffusion through the zeolite phase as well as the zeolite content of the membrane.
Conclusions
Permeant concentrations in silicalite-filled silicone rubber pervaporation membranes were measured during pervaporation of propanol/ water feed mixtures using a multi-layered pervaporation membrane. The measured concentration profiles can be related to the pervaporation results. The experimentally determined concentration profiles show that addition of silicalite to the membrane matrix results in an increased alcohol ( propanol ) concentration in the membrane. During pervaporation, the amount of water in the membrane is low and it is attributed only to the rubber phase. For a propanol/water feed mixture during pervaporation, no water is present in the silicalite particles. This underlines the observation from the pervaporation experiments [ 81 that for a propanol/water feed mixture, silicalite permeability for water is negligible. The experiments on multi-layer membranes thus confirm the interpretation of pervaporation data on the basis of the resistance model.
The propanol concentration in the membrane during pervaporation increases with increasing silicalite content. From the concentration profiles, C0.i can be taken. The propanol concentration in the membrane at the feed side during pervaporation equals the equilibrium propanol sorption value. The observation that despite the increased propanol concentration in the membrane the propanol flux does hardly change shows that the sorption-diffusion model does not apply to pervaporation through heterogeneous systems such as zeolite-filled membranes. It can be concluded that the mobility of the adsorbed pro-pan01 in silicalite is quite low. 
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